BACKGROUND: It is uncertain if computerized physician order entry (CPOE) systems are effective at reducing adverse drug event (ADE) rates in community hospitals, where mainly vendor-developed applications are used. OBJECTIVE: To evaluate the impact of vendor CPOE systems on the frequency of ADEs. DESIGN AND PATIENTS: Prospective before-and-after study conducted from January 2005 to September 2010 at five Massachusetts community hospitals. Participants were adults admitted during the study period. A total of 2,000 charts were reviewed for orders, medication lists, laboratory reports, admission histories, notes, discharge summaries, and flow sheets. MAIN MEASURES: The primary outcome measure was the rate of preventable ADEs. Rates of potential ADEs and overall ADEs were secondary outcomes. KEY RESULTS: The rate of preventable ADEs decreased following implementation (10.6/100 vs. 7.0/ 100 admissions; p=0.007) with a similar effect observed at each site. However, the associated decrease in preventable ADEs was balanced against an increase in potential ADEs (44.4/100 vs. 57.5/100 admissions; p<0.001). We observed a reduction of 34.0% for preventable ADEs, but an increase of 29.5% in potential ADEs following implementation. The overall rate of ADEs increased (14.6/100 vs. 18.7/100 admissions; p=0.03), which was driven by non-preventable events (4.0/100 vs. 11.7/100 admissions; p<0.001). CONCLUSIONS: Adoption of vendor CPOE systems was associated with a decrease in the preventable ADE rate by a third, although the rates of potential ADEs and overall ADEs increased. Our findings support the use of vendor CPOE systems as a means to reduce drugrelated injury and harm. The potential ADE rate could be reduced by making refinements to the vendor applications and their associated decision support.
INTRODUCTION
Adverse drug events (ADEs) represent an important source of harm among hospitalized patients.
1,2 Most preventable ADEs result from errors at the ordering stage. 1 Accordingly, interest has emerged in understanding how computerized physician order entry (CPOE) systems can be leveraged to improve patient safety by reducing prescribing errors. [2] [3] [4] These systems eliminate problems associated with illegible writing, help to structure orders, and may also help to guide management with decision support.
Most studies of CPOE have been done in academic institutions with internally developed systems, demonstrating significant reductions in preventable ADE rates. 5, 6 These studies have influenced policymakers 7 and consumer advocates 8, 9 to promote the nationwide adoption of CPOE as a safety-driven initiative. However, despite this mandate, CPOE has not yet achieved significant market penetration. [9] [10] [11] [12] One of the barriers to widespread adoption is the criticism that there is little evidence to inform providers about the benefits of these applications in the community setting, where nearly all CPOE systems are vendordeveloped systems. 10, 13 Therefore, formal evaluation of vendor CPOE systems on patient safety is essential to help accelerate CPOE adoption and to improve the likelihood that it will have the desired impact in all settings. 10 We did an initial study to quantify the incidence of ADEs in six community hospitals. In that study, the ADE rate was 15.0/100 admissions, nearly twice that in a prior study in the academic setting, 1 and 75% of the ADEs documented were judged preventable compared to 28% in the prior study. Notably, of the preventable ADEs in the community hospital study, 81.5% were judged to be potentially preventable by CPOE. 14 Here, we report the follow-up findings after CPOE implementation.
METHODS
We conducted a prospective before-and-after study in five Massachusetts community hospitals that have newly implemented vendor CPOE systems. Although our baseline study reported on six hospitals, 14 one of these hospitals chose not to implement CPOE at this time and was therefore excluded. The study was approved by the Partners Healthcare Human Research Committee and by the study site committees.
Study Setting and Participants. We included subjects aged 18 years or older, admitted to any of the participating hospitals during the study period. These hospitals were felt to reasonably represent small-to-medium-sized community hospitals, each with 100-300 inpatient beds; two had house staff, and three did not. At the time of the study, one of the hospitals ("site 3") had not yet achieved hospital-wide implementation. At that site, while CPOE had been adopted by most medical services, it had not yet been implemented in the emergency, obstetrical, or surgical departments. Accordingly, we limited our study to the hospitalist and consulting medical services at site 3. For the remaining sites, all admitting services were included with the exception of the psychiatric and neonatal services, which were excluded from both phases because they would have required different detection tools.
In all, 200 patient records per hospital were randomly selected using simple random sampling in the pre-and postphases for detailed review and data abstraction, resulting in a total sample of 2,000 charts. The first phase of this study occurred over a 20-month period (from January 1, 2005 to August 31, 2006); the second phase began 6 months postimplementation at each study site and lasted 6 to 12 months (from October 1, 2008 to September 30, 2010).
Principal Exposure. Each hospital site independently selected and implemented a vendor CPOE system with decision support capabilities. The names of the vendors cannot be published because of contractual nondisclosure agreements between the sites and vendors. Two distinct systems were studied: vendor A (at sites 1, 2, and 3) and vendor B (at sites 4 and 5). The two systems rank among the top five systems in frequency of use in Massachusetts.
Definitions. We defined an "ADE" as any drug-related injury. ADEs were considered preventable if they were due to an error or were preventable by any means available (e.g., anaphylaxis to penicillin in a patient with a known history of penicillin allergy). A non-preventable ADE was any drugrelated injury in which there was no error in the medication process (e.g., an allergic reaction in a patient not previously known to have allergies). 15 A "medication error" was an error anywhere in the process of prescribing, transcribing, dispensing, administering, or monitoring a drug with no potential for harm or injury (e.g., an order for an oral medication with no route when it is clear that the oral route was intended). 16 A "potential ADE" (or "near miss") was a medication error with the potential to cause harm, but did not actually cause injury to the patient. These may be intercepted (e.g., a 10-fold overdose of levothyroxine caught by a pharmacist) or non-intercepted (e.g., a patient receiving insulin that was intended for another patient, but remaining euglycemic).
Main Outcome Measures and Case Finding. The primary outcome measure was the rate of preventable ADEs. The rates of potential ADEs and overall ADEs were secondary outcomes.
In this study, medication incidents were identified using an adaptation of the trigger tool developed by the Institute for Healthcare Improvement. 15, 17, 18 We reviewed physician orders, medication lists, laboratory reports, admission histories, progress and consultation notes, discharge summaries, and nursing flow sheets. For each trigger found, a detailed description of the incident was extracted for further review. An example of a trigger is the use of sodium polystyrene. Its administration may be in response to an overdose of potassium, a side effect of a medication, or the result of a drug-drug interaction. Additionally, we added "yeast infection related to antibiotics" and "platelet count <50,000×10 6 /μl" as triggers, and excluded lidocaine, gentamicin, tobramycin, amikacin, vancomycin, and theophylline levels in our adaptation of the tool.
Data were abstracted and summarized into electronic forms by trained research nurses. Subsequently, each form was independently reviewed by two investigators (AAL, MA, CK, SRS, MC, NK, and BC). Study personnel underwent training using a curriculum developed by the Center of Excellence for Patient Safety Research and Practice at the Brigham and Women's Hospital. This curriculum was designed to maintain continuity across projects, minimize individual variability, optimize reproducibility in data collection by chart abstractors, and standardize classification of medication errors, potential ADEs, and ADEs by reviewers. This curriculum has been used in a number of previous studies, 1, 14, 19, 20 and has been described. 15 All reviewers were blinded to hospital site and prescribing physician. First, reviewers classified incidents as ADEs, potential ADEs, or medication errors with no potential for injury; second, ADEs and potential ADEs were rated for severity according to significant (e.g., rash), severe (e.g., two-unit gastrointestinal bleed), life-threatening (e.g., transfer to an intensive care unit), or fatal categories; third, preventability was determined based on clinical judgment. All disagreements in the classification of type, severity, or preventability were resolved by consensus. To assess inter-rater classification agreement, we calculated κ scores for each reviewer pair (based on the initial independent reviews) and summarized them as a weighted average. We had a κ score of 0.89 [95% confidence interval (CI), 0.85 to 0.92] for ADE vs. no ADE, indicating excellent agreement on the type of event. There was good agreement on event severity (κ, 0.59; 95% CI, 0.28 to 0.56) and moderate agreement on preventability (κ, 0.42; 95% CI, 0.28 to 0.56).
Exclusions. We excluded the following incidents after discussion with local informaticians: at sites 1 and 2, CPOE order sets had been intentionally built to omit drug doses for nebulized medications because it was policy for the respiratory therapists to dose such medications. We reasoned that the omission of dosages in these specific cases did not reflect an error. Furthermore, sites 4 and 5 had installed an electronic medication-administration system (eMAR) with barcode technology to intercept errors of drug duplication. As a result, these hospitals designed some order sets with the potential for therapeutic duplication-thus largely relying on the existing eMAR-barcode system to catch potential overdoses. However, a limitation of this particular eMAR-barcode system was its inability to intercept errors when drugs were ordered with dose ranges. Therefore, we excluded incidents routed in therapeutic duplication only if the eMAR-barcode system was able to intercept the error, but included incidents that could not be systematically detected and prevented.
Statistical Analysis. Baseline characteristics between hospitals were compared using Fisher's exact test and oneway analysis of variance. To facilitate comparisons between sites, rates were expressed as number of events per 100 admissions with 95% CIs. Pre-and post-implementation rates of ADEs and potential ADEs were compared with the McNemar test. To account for hospital effects in the analysis when comparing pre-and post-implementation rates, we developed a fixed-effects model using Poisson regression. To further explore the independent effects of each vendor, a stratified analysis, adjusted by hospital site, was performed to compare average rates of each outcome observed. Finally, we performed a sensitivity analysis by excluding site 3.
RESULTS
A total of 30,161 patients were admitted across the five hospitals during the observation period. The characteristics of the patients admitted to each of the sites varied widely; age, sex, race, and mean length of stay were significantly different (p<0.001 for all). The mean age of the hospitalized patients was 63.4 years. The mean length of stay was 4.25 days, ranging from 3.25 days at site 2 to 5.16 days at site 1 (Table 1) .
Overall, more incidents were observed in the postimplementation phase (683 vs. 798 for pre-and postimplementation, respectively; p=0.003). Accordingly, there was an increase in the rates of overall ADEs (14.6/100 vs. 18.7/100 admissions; p=0.03) and potential ADEs (44.4/ 100 vs. 57.5/100 admissions; p<0.001) following implementation (Table 2) . However, the rates of preventable ADEs, the primary study outcome, decreased following CPOE implementation at every site without exception (10.6/100 vs. 7.0/100 admissions; p=0.007, see Table A , available online). Therefore, there was a 34.0% reduction in the rate of preventable ADEs, despite a 29.5% increase in the potential ADE rate.
Stratified Analysis. To account for differences in vendor technology, we performed a stratified analysis between vendors A (sites 1, 2, and 3) and B (sites 4 and 5). The effects of CPOE were generally similar for both vendors. There was a decrease in the rates of preventable ADEs (rate reductions of 3.5/100 and 3.7/100 admissions for vendors A and B, respectively), an increase in total ADEs (rate increases by 4.0/100 and 4.3/100 admissions for vendors A and B, respectively), and an increase in potential ADEs (rate increases by 14.3/100 and 11.2/100 admissions for vendors A and B, respectively). Altogether, the estimates from the stratified analysis were highly consistent with the overall study estimates.
Severity of Events.
We further analyzed our data based on event severity (Table 3) . Among preventable ADEs, only one fatal event was observed, which occurred prior to CPOE implementation. A significant reduction in lifethreatening events (p=0.003) was seen following CPOE implementation. Likewise, the serious and significant preventable ADE rates also decreased, but did not meet statistical significance. Most preventable ADEs were serious in nature. Examples included sedation or confusion from opioids, hemorrhage from supratherapeutic anticoagulation, and hypoglycemia secondary to insulin therapy while fasting.
Potential ADEs increased following CPOE implementation; the risk increased for life-threatening (p=0.002) and serious potential ADEs (p<0.001). Nearly all the serious and life-threatening potential ADEs were due to therapeutic duplication following CPOE adoption. Of these, most involved excessive dosing of acetaminophen or acetaminophen-containing products. Other examples of life-threaten-ing potential ADEs included overdosing of benzodiazepines, prescribing an antibiotic with a previous history of serious allergy, ordering chemotherapy for the wrong patient, neglecting to provide a stop order for intravenous magnesium sulphate and potassium chloride, and failure to renally dose digoxin in the setting of acute renal failure.
Drug Classes. While sites 1, 3, and 4 experienced an increase in overall ADEs, these rates were driven by nonpreventable events. The majority of non-preventable ADEs in the post-implementation phase were related to cardiovascular and analgesic drugs (see Table B , available online).
Sensitivity Analysis. Even upon exclusion of site 3 (which did not achieve hospital-wide implementation), the study findings remained broadly similar. There was a decrease in preventable ADEs (10.5/100 vs. 6.8/100 admissions; p=0.01) balanced against an increase in non-preventable ADEs (3.9/100 vs. 10.8/100 admissions; p<0.001). There was likewise an increase in potential ADEs (36.9/100 vs. 63.6/100 admission; p<0.001).
DISCUSSION
We found that the implementation of vendor CPOE systems in five community hospitals was associated with a reduction of more than a third of all preventable ADEs. The greatest benefit was seen for reducing the frequency of lifethreatening and serious preventable ADEs. However, we also identified a significant increase in potential ADEs. Overall, the associated reduction in preventable ADEs following CPOE implementation suggests that vendordeveloped applications, which may not have been through as many cycles of refinement as comparable internally developed applications, can still meaningfully reduce the occurrence of drug-related injury and harm. Furthermore, the overall ADE rate actually increased because of an increase in non-preventable ADEs, which, as best as we can determine, was not related to CPOE implementation. In our study, the following may have contributed to the increase in non-preventable ADEs: physician documentation improved following CPOE, thus facilitating the identification of ADEs; second, over the 5-year study interval, there were changes in prescribing patterns [e.g., a shift towards prescribing hydromorphone over morphine; increased prescribing of beta-blockers and angiotensinconverting enzyme (ACE) inhibitors for coronary artery disease and heart failure]. Accordingly, we found that the increased adoption of these drugs was associated with a consistent increase in harm (e.g., hydromorphone resulting in oversedation; beta-blockers and ACE inhibitors with hypotension and renal dysfunction).
While CPOE convincingly reduces medication errors, 5, 21 the impact of this technology in reducing preventable ADEs has been more difficult to prove. 6, 22 Studies of internally developed systems have largely found reductions in ADEs, preventable ADEs, and potential ADEs. 19, 21, 23, 24 Only three studies have assessed the effect of commercial CPOE systems with decision support on the occurrence of ADEs and potential ADEs: one, performed in a clinic, showed a reduction in ADEs that did not meet statistical significance 25 ; the remaining two studies, conducted in a pediatric hospital and an adult critical care unit, found statistically significant reductions in ADEs. 26, 27 We likewise observed similar benefits in the reduction of preventable ADEs with two vendor-based systems following hospital-wide implementation. However, in most other studies, the rate of potential ADEs fell, while it actually increased in this study.
One particular concern expressed by critics of CPOE systems is the wide range of possible outcomes associated with CPOE, with differences in reported benefits and limitations likely resulting from variations in implementation strategies, differences in technology, and use of decision support. 5, 6, 28, 29 It cannot be emphasized enough that CPOE technology should be tailored to specific hospital needs according to workflow and co-existing technology. For example, in our study, most potential ADEs were rooted in therapeutic duplication, often resulting in potentially serious or life-threatening overdoses (e.g., in one case, 20.8 g/day of acetaminophen was ordered). Furthermore, this highlights how the introduction of health information technology may sometimes lead to unintended consequences. In this study, some of the hospital-customized standing order sets had the potential of mishandling many sedatives and analgesics (e.g., opioids, non-steroidal anti-inflammatory drugs) through therapeutic duplication. Consequently, potential ADEs indisputably increased post-CPOE implementation. However, these "near misses" did not appear to be the result of software problems inherent to CPOE as designed by the vendor, but rather from order sets designed by local users. While CPOE is clearly able to improve patient safety, realizing its potential benefits requires appropriate implementation and use. 28 All sites can benefit from tracking issues found post-implementation and then making iterative changes. One approach to this evaluation is to use standardized scenarios with simulated patients to determine whether orders are appropriately transmitted and whether decision support tools function as intended. Simulation tools such as the Leapfrog CPOE Evaluation Tool provide specific performance feedback and help to expose potential safety issues among hospitals implementing CPOE. 29 While our study provides evidence that vendor CPOE systems are associated with significant reductions in preventable ADE rates, further research is needed to explore the safest and most effective ways to implement vendor technology. Addressing these needs, our research group is currently investigating the impact of varying levels of decision support in vendor CPOE systems on ADE rates, exploring how orders sets should be used and refined, assessing the economic benefits of CPOE adoption, and identifying barriers to successful implementation.
Our study has limitations, the most important being that it was not a randomized controlled trial. During pre-implementation, six hospitals were studied; 14 however, one of these hospital chose not to implement CPOE and further declined to participate in the post-implementation portion of this study as a control site. As such, our study had no contemporaneous control group, and the apparent effect could be the result of a secular trend or an intervention other than CPOE. Furthermore, we were unable to adjust for changing case mix during the study period. Therefore, we cannot exclude the possibility of unmeasured confounding resulting in the reduction in preventable ADEs. However, the introduction of CPOE was the main medication safety-oriented intervention during the study interval, thus arguing against major confounding by cointervention. The large and significant reductions in preventable ADEs also argue against chance being the explanation for our observations. Second, as with previous studies, 1, 19, 23 we reported the rates of ADEs per admission, rather than per medication order. While these rates facilitate comparisons with previously reported estimates, a limitation is that event rates may be impacted if the typical number of medications prescribed changed substantially between the pre-and postimplementation periods. Third, our study is limited by a heterogeneous intervention as two different vendor systems were studied. However, a stratified analysis by vendor did not change our overall findings, and the effect sizes were broadly similar across all sites. Finally, the systems evaluated did not keep records of electronic transactions for potential orders that were aborted when physicians heeded alerts and cancelled their intended orders before submitting. Consequently, the magnitude of benefit of CPOE in reducing preventable ADEs may be even greater than we observed.
In conclusion, vendor CPOE system adoption in five community hospitals was associated with a reduction in more than a third in the preventable ADE rate, thus achieving comparable benefits as internally developed systems. However, the observed benefit was balanced against an increase in potential ADEs. While this study suggests that the preventable ADE rate may fall after CPOE implementation, it also underscores how monitoring for new problems arising from CPOE is crucial to improving overall patient safety.
